Japan Aerospace Exploration Agency (JAXA) has studied Space Solar Power Systems (SSPS) using laser and microwave beams for years since 1998. Current SSPS study undertaken by JAXA consists of three main subjects, SSPS concepts and architectures study, technology demonstration and elemental technology development. In current research of Laser based SSPS (L-SSPS), we have studied some elemental technologies such as ultralight film mirror, wavelength selective mirror, laser generator based on direct solar pumping solid-state laser diode, laser transmission property in atmosphere, photovoltaic generation converting laser energy to electricity and photocatalytic hydrogen generation. This paper presents the introduction of SSPS concepts and architectures study and elemental technology development of L-SSPS.
irradiance influence those power generation systems. Moreover, the place of those power generation plants depend on geographic conditions. On the other hand, solar energy which can be obtained in space can give stable energy supply to the ground all the time regardless of weather conditions and day and night.
・ Unfailing energy. A solar energy is semi-permanent energy, and an exhaustion like fossil fuels is not worried about. The energy resource in Japan is scarce, the energy supply that doesn't depend on importation can be expected. Therefore, the utilization of space solar energy is very effective.
Concept Design of commercial SSPS
Microwave based SSPS. In case of M-SSPS, the solar energy must be converted to electricity and then converted to microwave beam in geostationary earth orbit (GEO). The on-ground rectifying antenna would collect the microwave beam and convert it to electricity to connect to commercial power grids. Several types of system configurations have been proposed.
From the past experiences of the conceptual design of the GW class SSPS, it was clear that system with the mirrors and modularized unit which integrated solar cells and microwave power transmitters is promising. So the system configuration which was proposed in FY2001, 2002 and 2003 consists of collection mirrors and the modularized energy conversion unit. The modularized energy conversion unit is integrated solar cells and microwave power transmitters. Since solar cell panel and the Earth looking microwave antenna are two sides of the same modularized unit, length of power cables connected solar cells to the power transmitters would become short and reduce mass of whole system. And the modularized unit is also preferable because it is easy to assemble by robots automatically. Major hurdles in this power collection / transmission system are how to improve the efficiency of converting the solar energy to the electricity and how to exhaust heat of the system. Solar energy that is not converted to electricity will become heat and large area radiators will be necessary to discharge the heat. The key factor in designing systems is feasibility of thermal system.
Since modularized unit which integrated solar cells and microwave power transmitter has great advantages for the reason above-mentioned, the possibility of thermal system design is unclear. So, the model which separated solar cell panels from microwave power transmitter was studied in FY2004 and 2005 (See Fig. 1 ). The characteristics of this model is summarized as follows. Multiscale, Multifunctional and Functionally Graded Materials ・ Solar panels are separated from microwave power transmitter (structurally-connected), so the backside of solar panels and microwave power transmitter can be used as heat release surface.
・ Two primary mirrors are flying independently using solar radiation pressure. This model has no center truss which connects to primary mirrors to energy conversion unit. When the large primary mirrors receive sunlight, the sunlight would produce buoyancy and horizontal force.
If electrical thruster or some other way can cancel the horizontal force, the buoyancy can be used to fly the primary mirrors independently while maintaining proper relative position. This configuration has the merit that the rotary joint for control of the primary mirrors becomes unnecessary and the whole system becomes mechanically more stable and reliable.
・
The size of solar cells depends on concentration ratio. In this model, concentration ratio is limited to 2 or 3 with the object of solar cell temperature. However, concentration ratio can be higher with adoption of some wavelength selective film that could cut unusable light wavelengths.
In case that the transmission voltage from solar panels to microwave power transmitter is 10kV, the transmission loss would be about 5-6% and the mass of electric power cable would be less than 500 ton. Measure against high-voltage discharge and weight saving of DC/DC converters is problem to be solved. Using this model as basis, we are carrying out examination from various viewpoints aiming at the cost minimum to build and maintain the systems.
Laser based SSPS.
In case of L-SSPS, solar condenser mirrors or lenses would be put into orbit to focus the sunray. The concentrated solar energy would then be sent to laser generator. The laser beam would be directly produced from the solar energy using the direct solar pumping solid-state laser device. This laser beam would be collected on ground and used to produce electricity or hydrogen from seawater.
Based on the above concept, laser based SSPS of Fig. 2 was considered in FY2004 and 2005. A base unit consists of solar condenser mirrors, radiators, laser generator, laser beam irradiator and support structures. Neodymium and chromium doped yttrium aluminum garnet (Nd/Cr:YAG) ceramic is seemed to be the most qualified candidate for the laser medium of this system. Major parameters of the 10MW class laser based SSPS are as follows.
The output of 1GW class power could be obtained by connecting 100 base units vertically in series (See Fig. 3 ). Since this shape is symmetrical in relation to sun, disturbance torque will not generate due to solar radiation pressure and system configuration will be stable. Since the force in a direction opposite to sun and the cyclic gravity gradient torque would be occurred, the fuel weight for attitude control and orbit keeping is expected to drop to below 0.5% of the weight of whole system. Major parameters of the 1GW class laser based SSPS are as follows.
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In designing L-SSPS, conversion efficiency of the direct solar pumping solid-state laser and feasibility of thermal system are critical factors. Since solar concentration of more than a few hundred times, heat removal is key issue to realize solar pumping laser systems. To improve the feasibility of thermal control problem, adoption of some wavelength selective film that could cut unusable light wavelengths has been considered.
Feasibility of its ground facilities and production technology of hydrogen using laser beams has been also studied. Considering the expected the world's growth in demand for hydrogen energy, L-SSPS have great potential in that SSPS could produce a lot of hydrogen from non-fossil-fuel sources.
Both hydrogen generating systems with photocatalyst device and electrolytic ones have been examined. From the past experiences of this study, high efficient electric power generating technology using the solar cell which suited the wavelength of laser is promising.
In L-SSPS, it is assumed that laser beam at a wavelength of 1.06µm would be transmitted from space to earth, but there is no photocatalyst for water decomposition into hydrogen and oxygen at high efficiency by means of laser in the 1.06µm band at present. On the other hand, in case of using solar cell which suited the single wavelength of laser, the water electrolysis technologies at high efficiency has already established. When the solar cells which have the band gap suited to the wavelength of 1.06 µm is used, converting the laser energy to the electricity with high efficiency would be theoretically possible. And conversion efficiency would become up with higher density of incoming laser beam.
Elemental Technology Development
Laser Transmission in Atmosphere. In the laser energy transmission from space to the ground, the transmission efficiency is almost 100% in space because there are no scattering and absorption. However, the laser beam has a variety of scattering absorption factors that depend on wavelength in an atmospheric layer. Therefore, we have to select the laser wavelength that those factors do not influence after considering application on the ground. In the far-infrared region, the application on the ground is limited only to use for thermal energy though the atmospheric transmittance is high. In the visible light region, the atmospheric transmittance is low compared with that of the infrared region and various applications can be expected. On the other hand, the atmospheric transmittance is high in the near-infrared region, and various applications can be also expected on the ground. However, the wavelength band with very low atmospheric transmittance exists in the near-infrared region. Therefore, we are investigating the influence of natural environment on the atmospheric transmittance and the laser beam profile of the 1064nm laser beam.
Recently, we have been researching the weather dependence of 500m laser transmission in atmosphere in Kakuda Space Center, JAXA. In this research, conditions of the laser transmission Multiscale, Multifunctional and Functionally Graded Materials experiment are as follows; the laser output is about 10W, the wavelength of laser is 1064nm (Nd-YVO 4 , CW), the beam diameter of oscillator is about 50mm and that of receiver is about 250mm, the beam passes in 1.3 -2.1m in height from the ground, and the transmission distance is 500m. The transmission efficiency has decreased remarkably when the visibility was less than 10,000m, and this efficiency has decreased to 0% when the visibility was less than 400m. Therefore, the weather condition greatly influences those decrease. At fine weather (visibility is about 20,000m), the laser beam was transmitted in the efficiency of about 95%, however this efficiency decreased to about 80% occasionally.
In the recent investigation, we confirm that an increase in the laser power intensity influences the improvement of the transmission efficiency. And then we are researching the influence of weather conditions in the high-power laser transmission. 4, 5 . The principle of direct solar pumping solid-state laser is as follows: when the seed laser beam passes the laser medium to which the solar energy is irradiated, this seed laser beam is amplified by the solar energy. The active-mirror system of disk type has been selected from the viewpoint of cooling in this research though the laser medium is various in rod, fiber and disk type. In addition, the laser medium material uses YAG with high thermal conductivity in consideration of cooling. Moreover, this medium material has achieved the absorption of light from 300 to 1000nm in wavelength by double doping Nd and Cr to YAG, and mechanical strength has been improved by selecting homogeneous and dense ceramic material while maintaining optical properties. Fig. 4 shows a photograph for pilot unit of direct solar pumping solid-state laser and laser medium. This pilot unit consists of seed laser oscillator (LD pumping, Nd-YAG), laser mediums (Nd/Cr-YAG ceramic), pseudo-sunlight lamps (arc-metal-halide lamp), heatsinks, some lenses and some mirrors. And the seed laser beam is amplified by passing the laser medium four times. Fig. 5 shows input-output properties for pilot unit experiment. The input laser power and the output laser power show an output power of the seed laser beam and a laser output power after the amplification, respectively. When 0.6W was input, 180W was output on the material of 1.0%Nd/3.0%Cr: YAG ceramic. The optical-optical conversion efficiency from pseudo-sunlight irradiated into the laser medium to output laser power was about 40%.
Direct Solar Pumping Solid-State Laser
In the future, the actual sunlight will be used and examined though the light source was pseudo-sunlight in this experiment. Photocatalytic Hydrogen Generation with Laser. In our experiment of photocatalytic hydrogen generation from hydrogen sulfide, hydrogen is produced by irradiating CdS photocatalyst in the alkaline solution which the hydrogen sulfide melts with a laser at a wavelength of 532nm. Fig. 6 shows a photograph of CdS photocatalyst hydrogen generation experiment by green laser irradiation. The potential difference of oxidation and reduction of hydrogen sulfide is only a quarter of that of the water. In this research, nano-capsule particles with stratified structure is used. By using the stratified structure, photo-absoptance of photocatalyst is improved, and the reaction site and electron generation site is adjoined. In the future, a basic study of photocatalyst which is active in a laser at a wavelength of 1.06µm will be conducted.
Summary
In this paper, JAXA's current study status of SSPS was reviewed and the latest configuration of M-SSPS and L-SSPS was introduced and the technical problems were suggested. Furthermore, research contents of atmospheric transmission of laser, direct solar pumping solid-state laser and photocatalytic hydrogen generation were introduced as the elemental technology development.
System study, research of individual technologies, study of technology demonstration are in progress and scheduled to continue in the future. And the immediate strategic goal is to launch the space energy transmission demonstration satellite at the early stage.
